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ABSTRACT

While the theoretical bases for x-ray reflectivity (XRR) have been known for decades, it has been only

in the last 5 years that their application to the measurement of roughness, density, and thickness of thin

films (N10-1000 angstroms) has started to gain momentum. This is due to recent improvements in x-ray

diffraction (XRD) instrumentation and to the increasing use of thin films in many technological fields.

While publications related to XRR have been increasing considerably, the need for the development

and evaluation of a simple experimental procedure has not been addressed. This paper describes an

XRR procedure for the measurement of the thickness of thin films which was developed using a con-

ventional x-ray powder diffractometer with a solid state detector and the same deconvolution programs

used for powder XRD. The standards used in the development and the determination of the precision

and reproducibility of the method consisted of three SiO 2 standard thin films (200-500 angstroms). The

thickness of two of the films were measured by Rutherford backscattering spectroscopy (RBS), vari-

able angle spectroscopic ellipsometry (VASE), and by transmission electron microscopy (TEM). The

third standard was analyzed by VASE and conventional ellipsometry. The measurements using other

techniques were made in order to compare and obtain an estimate of the accuracy. The results showed

that the method is very precise (0.5% standard error), and good accuracy is indicated by the closeness

of the values for the thickness as compared to the values obtained by the other techniques. An example

of the application of the method would be the calibration of thin film deposition instruments by mea-

suring the thickness of films deposited on witness plates. The advantages and disadvantages of the

different techniques as compared to XRR are discussed.
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INTRODUCTION

The study of the scattering of electromagnetic

waves such as x-rays is a powerful tool used to

obtain information about the structural proper-

ties of interfaces. X-ray reflectivity (XRR) and

low angle (grazing incidence) x-ray diffraction

are especially useful for the study of thin films

(<1000 angstroms). The equations to calculate

thickness, density, and roughness of a thin film

have been established since the 1920s and 1930s

(1-3) from the principles of x-ray reflectivity.

The useful information from an x-ray reflectivity

experiment is contained in approximately the first

six degrees of an angle of incidence vs. intensity

pattern. As the incidence angle is increased, dif-

fraction occurs. A conventional x-ray powder

diffractometer may be used to obtain diffraction

and reflectivity patterns of thin films.

In this study we deal solely with x-ray reflectivity.

The equations used to calculate parameters from

x-ray reflectivity data are the result of modifica-

tions and simplifications based on the original

equations describing the theory of x-ray

reflectivity. We have used R. Lengeler's simpli-

fied equations (4).

When a beam of x-rays hits a surface at an inci-

dence angle close to zero, total reflection occurs

because there is no absorption of the x-ray beam

by the surface of the film.The angle at which total

reflection occurs depends on the density and num-

ber of electrons of the atoms involved. After the

high intensity total reflection peak is observed, a

series of peaks appears, decreasing in intensity as

the angle of incidence increases. The peaks are

mainly caused by the fact that x-rays reflected from

the surface have a shorter path to the detector than

those reflected from the interface between the thin

film and the substrate (figure 1) and they inter-

fere. Of course the films must be thin enough so

the x-rays are reflected from the interfaces and not

absorbed by the material. The peaks are, therefore,

interference fringes (figure 2). From the angular

TI1 " 1

n2 d2

02
TI3

TI1 = 1 = index of refraction of air

TI2 ' TI3 = indexes of refraction of thin film and substrate respectively
d2 = thin film thickness

_)1 = angle of incidence of x-rays at point A on surface

_)2 = angle of incidence of x-rays at point B at interface
between thin film and substrate

Figure 1. Reflection of X-rays Under Grazing Incidence From a Layer (112,d2) on a Substrate (113).
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Figure 2. X-Ray Interference Pattern for Standard #1 (2-2).

position of the interference fringes, the thickness

of the film can be calculated from equation la (4)

when the index of refraction of the substrate is

higher than that of the thin film, and lb (4) when

it is smaller. See Appendix B for derivation.

02 = 0 2 + (v+1/2)2)v2/4d 2 (la)
c

0 2 = 0 2 jr V2_2/4d 2 (lb)
c

where:

0 = angular position of the maximum

of each fringe

0c= angle of total reflection

V = fringe order number

)v = wavelength of the x-rays used

(Cu Ko_1.54 A)

d = thickness

From the decrease in the height of consecutive

peaks, it is also possible to determine the rough-

ness (5) of a thin film. These calculations are more

involved and are usually performed using special

software (6). The x-ray reflectivity of a thin film

is very sensitive to the roughness, and XRR is a

powerful technique to determine surface rough-

ness. As the roughness increases, the intensity of

the interference fringes decreases until the higher

angle interference peaks start to disappear. There

is a point where all interference peaks disappear

and therefore, the XRR technique cannot be used.

The value of roughness which destroys interfer-

ence depends on the material and experimental

conditions. For example, a simulated XRR pat-

tern using GaAs substrate with a 500 angstroms

thin film of Ge and 15 angstroms (6) roughness at

the surface produced a reflectivity interference

pattem with three peaks after which the interfer-

ence peaks disappeared. At least two peaks are

necessary for measuring the thickness.

2



Another limitation of XRR in addition to rough-

ness is thickness.

Accurate information can be obtained for films

<1000 angstroms thick (sometimes thicker than

1000 angstroms) and as thin as 20 angstroms with

the aid of special software.

In addition, it is possible to determine the thick-

ness of interfaces and layers on a multilayered

specimen. These calculations also require special

software.

A comparison among several techniques used to

measure the thickness of thin films is shown in

Table 1.

We can observe that x-ray reflectivity is the most

versatile technique overall and in addition, has an

advantage in that the instrumentation can also be

used to determine whether the film is crystalline

or amorphous. If crystalline, its chemical struc-

ture can be determined by using grazing angle x-

ray diffraction (to do this the film must have a

thickness of 500A or higher to produce intense

enough x-ray diffraction peaks). All of these mea-

surements can be made without modifying the in-

strument.

Another important advantage of XRR is that the

optical constants are not required to calculate thick-

ness as is the case in the variable angle scanning

ellipsometry (VASE) or ellipsometry methods.

Table 1. Comparison of XRR With Other Thin Film Analysis Techniques

• Nondestructive

• Use of Index of Refraction

• Type of Material:

XRR TEM ELLIP VASE RBS AES XPS

X X X X

X X X

Amorphous or Crystalline

Organic or Inorganic
Conductive or Nonconductive

Liquid or Solid

Transparent or Opaque

X X X X X X X

X Limited In. In. X In. In.

X Cond. X X X Cond. Cond.

X Sol. Sol. Sol. Sol. Sol. Sol.

X X Trans. Trans. X X X

Note: X means both in the above items.

• Sensitivity 10,_

• Average Cost of Instrumentation 150K

• Multilayers X

• Chemical Composition Information X*

• Roughness (quality of the film) X

• Density X**

10A 10A 10A 2A 20A 50A

500K 100K 200K 500K 700K 600K

X X X X X X

X X

*If the films are 500 angstroms or more, x-ray diffraction patterns may be obtained by grazing angle techniques.

**By using equation 1 after plotting equation 2 and obtaining the value of the intercepts.

XRR = X-ray reflectivity

TEM = Transmission electron microscopy

Ellip. -- Ellipsometry

VASE = Variable Angle Scanning Ellipsometry

RBS = Rutherford backscattering

AES = Auger electron spectroscopy

XPS = X-ray photoelectron spectroscopy
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The sample size requirements for x-ray diffrac-

tion (XRD) depends on the size of the sample

holder in the instrument (usually about 4 cm2). In

addition, the sample must be flat.

In the past few years, there has been a wide range

of publications concerning applications of XRR

to study thin films and several of these have been

very helpful in this study (7, 8, 9). However, for

our applications, a simplified and proven proce-

dure for the measurement of thickness was

needed 1 .

EXPERIMENT

The x-ray reflectivity measurements were per-

formed using a Scintag 2 PAD V powder

Diffractometer with a Scintag Peltier and water

cooled detector.

The SiO 2 thin films were prepared under contract

with J.A. Woollam Co., 3 Inc. by thermal oxida-

tion of silicon wafers (6.5 cm in diameter). The

analyses by VASE, Rutherford backscattering

(RBS), and transmission electron microscopy

(TEM) were also included in the contract. The

nominal oxide thickness for the standards were 100

and 200 angstroms. The disks were broken in sev-

eral pieces and these samples were submitted for

analysis by the different techniques.

The samples were placed in the sample holder

making sure that their surface coincided exactly

with the diffraction plane. The standards were rela-

tively thin (-.5 mm) so they were placed on top of

a thicker block (1 cm) that fit the holder.

The following conditions (optimal) were used for

the scans:

Detector

Slits = scatter .3 mm and receiving .5 mm

Scan range = 1-5 degrees

Scan mode= step scan

Step size = .01 degrees

Preset time = 10 seconds per step (total scan

time/sample=67 minutes)

X-ray tube

Target = Copper

Cu Ka radiation wavelength = 1.54 X,

Slits = scatter 1 mm and divergence 2 mm

Power = 40 mA, 45 kV

XRR patterns were obtained at three different ar-

eas on each specimen by moving its position in

the holder. Under the above conditions, the x-rays

can illuminate an area of about 1 cm 2 (maximum)

on the specimen. Each specimen was placed in the

holder in such a way that the area illuminated by

the x-rays was within the total area of the speci-

men. The areas analyzed overlapped each other

since the specimens were not large enough to ana-

lyze three independent areas. On each area, 10 dif-

ferent XRR patterns were obtained (without mov-

ing the specimen) to determine the instrumental

error.

The positions of the fringes were determined us-

ing the deconvolution program used for identifi-

cation of x-ray peaks during a normal x-ray pow-

der diffraction analysis.

The positions of the fringes (0 2) were plotted vs.

(V-t-1/2) 2 (figure 3). Our interference patterns have

some of the fringes overlapped by the total reflec-

tion peak because we used high wattage in the x-ray

tube to obtain fringes of low intensity. We assigned

the fringe order from the plot of angular position

1 We do not have the values of density and roughness of

our films by other methods, therefore, our evaluation

concerns only the measurement of thin film thickness.

2 Scintag Inc., 707 Kifer Road, Sunnyvale, CA 94086.
3 J.A. Wollam Co. Inc., 650 J Street, Suite 39,

Lincoln, NE 68508.
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Figure 3. Theta vs. Fringe Order for Standard #1 (2-2).

vs. the fringe order that gave us the straightest line.

In the majority of our cases, the best line was ob-

tained by assigning the number seven to the first

fringe that we were able to observe. The slopes

and standard deviation from the best-fit line were

obtained using Microsoft Excel spreadsheet soft-

ware. The thickness (d) was calculated from the

slope (m) since m=_2/4d 2 (see Appendix B).

RESULTS

The values of thickness measured by XRR are

shown in Table 2.

There are two sources of variation in the measure-

ments, one is because of instrumental factors and

the other is because of the sample itself.

Table 2. Measured Thickness by XRR

(angstroms +/- Standard Deviation)

FILM # AREA 1 AREA 2 AREA 3 AREA 4 AVERAGE

1 207+/- 1 204+/- 1 203+/- 1 205+/-2

2 470+/- 2 472+/- 2 476+/- 2 479+/- 2 474+/- 3

3

Note:

380+/- 1

10 XRR measurements were made per area.
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In orderto determinethe instrumentalerror, 10
measurementswere performedon 3 to 4 areas.
Thesemeasurementswere performed without
movingthesampleorchanginganyof theexperi-
mentalconditions.Theinstrumentalerror canbe

determinedfrom eachof the 10 reflectivity pat-
ternsandfrom thevariationamongthem.Thein-
strumentalerrorpresentin eachindividual mea-
surementis givenby thecorrelationcoefficientof
thebestfit linesobtained.Figure3 is anexample
of oneof theselinesfor the secondmeasurement

on area2 of film #1 (seeTable2). Thesecoeffi-
cientswereveryconsistentandreproduciblewith
anaveragevaluesof 0.997+/- 0.002. Theother
partof the instrumentalerror is determinedfrom
thevariationsamongtheslopesof thereflectivity
curvesfor agivenareaonaspecimen.Thisvaria-
tionwasalwayslessthan0.5%.

Thevariationmainly causedby the samplechar-
acteristicswasdeterminedby movingthesample
and obtainingreflectivity patternsof a different
area.Thevariationobservedwasabout1%.This
smallvaluesuggeststhat thespecimensusedfor
theXRR analysisarefairly uniformin thickness.

A comparisonof thevaluesof thicknessasmea-
suredby differenttechniquesis shownin Table1.

Thestandardexperimentalerrorsfor eachmethod
areapproximate.

In the caseof VASE, two small spotsof lmm2
eachwereanalyzedoneachstandardandtheval-
uesrangedfrom 213-293A for film #1 andfrom
430-509A for film #2.Thevaluegivenin Table3
is anaverage.The RBS analysiswasperformed
onasingleareaof approximately1mm2.Thearea
analyzedby XRR is approximately4 cm2.

Thefilm labeled#3 isnot from thesamebatchas
the others.This film waspurchasedfor calibra-
tion of theXPS.Forthis reason,thefilm wasnot
analyzedby all techniquesonly by VASE,by the
manufacturer,andellipsometryin ourlaboratory.
Thehigherintensityof thefringesandtheir sym-
metryfor this standardsuggestedthatthis film is
smootherthantheothers.

Thevaluesfor thicknessfor films #2 and#3 by
XRR arein goodagreementwith the othertech-
niques.Accordingto theVASEresults,film # 2 is
not uniform over the entire areaof the disk but

thereis adeviationfrom theaverageof atleast40
angstromsasindicated.It is importantto notethat
theareasanalyzedby VASEaresmall(1mm2)and
far apart(approximately4 cm acrossthemiddle).

Table 3. Measured Thickness by Several Techniques

FILM # XRR RBS VASE TEM ELLIR

(+/- 2) (+/- 10) (+/- 40) (+/- 4)

205 250 253 180

(+]- 4)

2 474 480 470 470

3 380 400 390

Note: The +/- values indicate averages in the case of XRR and VASE (3 and 5 areas analyzed per

film respectively, the instrumental errors for XRR and VASE are +/- 1 and +/- 4 angstroms respec-

tively) and instrumental errors for RBS and ellipsometry (because only one area was analyzed per
film by these techniques). The ranges of thickness for VASE are 213-293 and 430-509 angstroms

respectively.



Thefactthattheresultsfor film #2by all thetech-
niquesagreesowell maymeanthattheareasana-
lyzed wereclose.In the caseof fill #1 thereis
alsoadeviationfrom theaveragevalueof thick-
ness40 angstromsasin film #2, but it appears
that the areasanalyzedby XRR, TEM, andthe
thinnerareaanalyzedby VASE (213 angstroms)
wereclosewhile theareaanalyzedby RBSis far-
ther.This would explainwhy the RBS valueof
thicknessvary considerablyfrom the othersfor
fill #1. It is,thus,mostlikely thatthevariations
foundamongmethodsarebecauseof variationsin
thefilms themselvesratherthanthesmallexperi-
mentalerrorsassociatedwith eachtechnique.

It is not easyto determinewith certaintywhich
techniqueis themostaccurate,howeverit is im-
portantto notethatXRR hasonly afew possible
sourcesof errorandthesecanbeeasilyminimized
by usinga good softwareprogramto determine
accuratelythe angularposition of the fringes'
maximaandby keepingthe diffractometerwell
aligned.

CONCLUSION

X-ray reflectivity is, in general, a very versatile,

accurate, and precise technique to determine the

thickness of thin films. The XRR procedure de-

veloped and evaluated in this study is relatively

simple and fast. There is no special sample prepa-

ration required as in TEM. The method is also re-

producible and accurate if we consider that the

sources of error are only the alignment and the

positioning of the fringes which can be easily mini-

mized. In addition, our results are in good agree-

ment with measurements of thickness performed

by other techniques when the films are uniform in

thickness. The sources of error for methods like

ellipsometry and VASE include inaccurate values

of indexes of refraction for the material analyzed.

Sometimes these values are not available. The main

source of error in the RBS is the theoretical calcu-

lation of the density of a film. These densities are

usually not known, a priori. However, they are

required in order to calculate the thickness.

The time necessary for the XRR analysis of one

sample is about one hour and about another hour

or less to process the data and calculate the thick-

ness. The time required by RBS is similar but

TEM, VASE, AES, XPS, and ellipsometry require

more time.

We expect that this procedure will be very helpful

in studying thin films for space applications in-

cluding for example, monitoring of thickness in

vapor deposition chambers.
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APPENDIX A

From figure 1(4),Lengelerderivesformulas2a
and2basfollows:

Whentheangleof totalreflectionfor thethin film
01 is exceeded, the x-rays penetrate into the film.

The x-rays reflected from the surface have a dif-

ferent amplitude than the x-rays reflected from the

interface between the thin film and the substrate

and can interfere.

The difference in optical path is:

J= (AB + BC) ]12- AD= 2d202 - 2@/01 - 01c

The reflectivity shows maxima and minima as a

function of 01 . The maxima are at:

v)_= 2d 2 k/012- 01c2 for 1"12< ]13

J 2 2(v+l/2))_= 2d 01 - Oic for 112< ]13

From here equations 2a and 2b are obtained by

rearranging the terms.

APPENDIX B

Calculation of Film Thickness

The angular maxima of the fringes shown in fig-

ure 2 were determined using a Pearson VII algo-

rithm from the Scintag XRD software package.

This algorithm tries to fit the shape of the fringe

to a Pearson VII equation, and after several itera-

tions to reduce the error, the maxima (20) is cal-

culated. For film #1 (2-2) the following angles

were obtained:

v 0 ° 02(radians)

1 1.0022 .000306

2 1.1686 .000416

3 1.3289 .000538

4 1.5008 .000686

5 1.6957 .000876

6 1.8729 .001069

7 2.0401 .001268

8 2.2482 .001540

The first and second fringes were partially hidden

by the total reflection peak (figure 2). The com-

puter program was, however, able to locate

maxima. These values were considered acceptable

because we obtained a very good straight line (R 2

>0.99) when we used these values. Sometimes

the low angle fringes are not visible at all and we

do not know if the first peak observed is actually

fringe 1. In this case, it is recommended to plot

the values of angles assuming different fringe num-

bers until a straight line is obtained. For example,

above, we assigned first angular value to fringes

1, 2, and 3. The line where the first angular posi-

tion was assigned to fringe 1 had the higher value

of R 2 and these R 2 values decreased with increas-

ing fringe number.

The slope of the plot of 02 (radians) vs. (n+l/2) 2

(figure 3) is 1.449x10 5 radians.

This slope is equal to )_2/4d2 (2a) or d=)_/2 V-_,

where )_=1.5406 A and 2V-_= 7.6x10 3 (value

rounded according to a 0.2% error).

o

The calculated thickness is 1.5406 (+/- 0.0001)A/

7.6x10 3 (+/_ 0.0005) =202.6 (+/- 0.2)A.
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